Using a combination of gas chromatography/mass spectrometry (GC/MS) and gas chromatography/infrared spectroscopy (GC/IR) spectroscopic techniques, chemical contaminants and their hydrolysis products were identified in well water sampled in connection with a suspected childhood cancer cluster located in Dover Township, Ocean County, New Jersey. The drinking water contamination resulted from the leaching of industrial waste chemicals from drums that were disposed of at the site known as Reich Farm. Contaminants identified include dinitrile-tetralin compounds, known as`trimers,' that are by-products of a polymerization process widely used by several polymer manufacturers during the 1970s and 1980s (and still used today). Also identified were`trimer' hydrolysis products, formed by the hydrolysis of their nitrile groups to amides. These industrial contaminants were not present in any of the mass or IR spectral library databases, and their identification required unconventional spectroscopic methods (including high resolution mass spectrometry, chemical ionization mass spectrometry, and IR spectroscopy), along with scientific reasoning and interpretation. It is currently not known whether these chemical contaminants are responsible for the childhood cancers observed in this area.
Introduction
Environmental regulation is largely based on the detection and quantitation of a relatively small number of selected chemicals that appear on regulatory lists. Typically, the legislative act that mandates the State or Federal regulatory agency to monitor various environmental media will include a list of targeted chemicals. For example, the U.S. Safe Drinking Water Act lists approximately 80 chemicals to be monitored in finished drinking water. If analyzed samples do not contain any of the targeted chemicals above their preset maximum contamination levels, the regulated entity will be deemed in complianceÐeven if non-target (and typically unidentified) chemicals are present at high levels in the samples. Although this approach is expedient and easy to implement, it is not necessarily the most informative way to characterize environmental media because non-target compounds may be more (or less) hazardous to the health of humans and ecosystems than the listed compounds.
Apart from the trend to continually lower maximum contamination levels, monitoring for targeted pollutants is a relatively simple analytical challenge. Low resolution, electron ionization gas chromatography/mass spectrometry (GC/MS) analysis with library database matching is commonly used. Mass spectra of the targeted compounds are present in the MS libraries, and their GC retention times are known. Thus, errors are typically low for target compound analyses. However, when a potential environmental or human health problem demands that all detected chemicals be identified, such a narrow approach to chemical identification frequently falls short. Often non-target chemicals are not present in the spectral libraries, and they may even be products of environmental transformations of pollutants originally introduced into the environment. For these cases, the compounds may have never been synthesized or reported, and the analyst has no basis on which to limit the structural possibilities of the detected compounds. Considering that there are over 10 7 known organic chemicals, it is not surprising to find that lowresolution, electron ionization, mass spectra alone (or for that matter, any single spectroscopic technique alone) is often not sufficiently distinguishing to allow the precise identification of the detected chemicals. For these cases, we have found that detailed and iterative interpretation of IR and MS spectra (including high resolution MS and chemical ionization MS) is a particularly powerful tool for chemical identification. Herein, we report successful application of this method to an important investigation that required identification of detected chemicals, regardless of whether they appear on regulatory lists.
A 1995 analysis by the New Jersey Department of Health and Senior Services (NJDHSS) indicated an elevated incidence rate of childhood brain and central nervous system (CNS) cancers in the Toms River section of Dover Township, Ocean County, New Jersey between the years 1979 and 1991 (New Jersey Department of Health and the Agency for Toxic Substances and Disease Registry, 1996) . In 1996, the New Jersey Department of Environmental Protection (NJDEP), in conjunction with the NJDHSS, undertook an investigation into plausible causal hypotheses related to environmental factors, including contamination of drinking water.
The Pleasant Plains area of Dover Township ( Figure 1 ) has a history of suspected groundwater contamination. In 1974, the residents complained of unusual tastes and odors in their private drinking water wells. Samples taken at that time indicated the presence of organic contaminants, including styrene and toluene. The Reich Farm Superfund Site, a 3-acre portion of a former chicken farm, which had been used for disposal of drummed industrial waste in 1971, was one suspected source of the contamination. As a result of the well water contamination, private wells in the Cohansey aquifer, over a wide section of Pleasant Plains, were condemned and shut down by order of the Ocean County Health Department in 1976. Well`restriction zones' were also established over wider areas and for deeper aquifers.
Most of the drinking water in Dover Township are supplied by the United Water Toms River (UWTR) water distribution system, which serves a population of approximately 80,000 consumers. The Parkway Well Field is one of six UWTR well fields pumping water from the Cohansey aquifer and is located closest and downgradient to the Reich Farm Superfund site. During mid-1987, UWTR's monitoring of the Parkway water supply showed part-per-billion (ppb) levels of the volatile organic solvent trichloroethylene (TCE), and in 1988, UWTR installed an air stripper to treat groundwater from the affected municipal wells #26 and #28. Treated water from these wells continued to meet New Jersey State safe drinking water standards, and was discharged along with other unaffected wells to the municipal supply.
Because the listed chemicals monitored to date were not associated with the type of elevated cancers found in the Department of Health study, the NJDEP began to look at non-target chemicals and radionuclides in the Spring of 1996. The discovery of relatively high, gross alpha radiation levels in the drinking water caused a concern; however, these results proved to be typical of the natural levels in the aquifer and were not unique to the Toms River area. In the semi-volatile chemical analyses of the finished drinking water, it was noted that the highest chromatographic sample peaks were three to four non-target peaks of unknown identity. Review of the historical groundwater analyses on samples collected from the Reich Farm Superfund site showed that these same unidentified peaks were present in many samples. Further testing showed the same peaks were present in groundwater from municipal well #26 and well #28. In samples taken at three schools closest to the Parkway Well Field, the estimated concentration of the unknown compounds was approximately 1 ppb in one school water sample and approximately 0.1 ppb in the others. In the untreated Well #26 groundwater, the unknown compounds were present at approximately 8 ppb. Groundwater monitoring and modeling by the U.S. Environmental Protection Agency (U.S. EPA), the New Jersey Geological Survey, and Union Carbide demonstrated that groundwater flowing beneath the Reich Farm Superfund site is collected by municipal wells #26 and #28. As a result, chemical waste deposited at the Site in 1971 was suspected as the source of the unidentified compounds.
Reported here are the methods that were used to identify and quantify the unknown compounds; a process that combined the talents of federal, state, and industry scientists to achieve a common goal.
Methods

Water Sampling
Well water samples were collected from the most contaminated well (#26). Whole water samples were extracted and concentrated according to EPA Method 525.2 (U.S. EPA, 1995) , which involved the collection of 1 l of water, adjustment to pH 2, and extraction using a C18 Empore disk (Varian), followed by elution with ethyl acetate and methylene chloride. Some samples were also collected at neutral pH and extracted.
GC/MS Analyses
Low and high resolution electron ionization mass spectrometry (EI-MS) analyses were performed on a VG 70-SEQ high-resolution hybrid mass spectrometer, equipped with a Hewlett Packard Model 5890A gas chromatograph. The mass spectrometer was operated at an accelerating voltage of 8 kV and at resolutions of 1000 and 10,000 for the low and high resolution experiments, respectively. Exact mass measurements were made to 0.003 Da. Chemical ionization mass spectrometry (CI-MS) experiments were carried out on a Finnigan TSQ 7000 triple-quadrupole mass spectrometer using isobutane or methane gas. Injections of 1 to 2 l of the extract were introduced via a split/splitless injector onto a J & W Scientific DB-5 chromatographic column (30 m, 0.25 mm i.d., 0.25 m film thickness). The GC temperature program consisted of an initial temperature of 358C, which was held for 4 min, followed by an increase at a rate of 98C min À1 to 2908C, which was held for 30 min. Transfer lines were held at 2908C, and the injection port was controlled at 2508C.
For the higher resolution GC analyses performed at Union Carbide, a Chrompack CP-Sil5 CB, 60-m column was used (0.32 mm i.d., 1 m film thickness). The GC temperature program consisted of an initial temperature of 408C, held for 2 min, followed by an increase at a rate of 48C min À1 to 2508C, which was held for 24 min. The water extracts (concentrated 10-fold) were injected as 2.0 l splitless aliquots. MS analyses using the longer GC column were acquired on a Finnigan TSQ-700 mass spectrometer.
GC/IR Analyses
Sample extracts were concentrated further by a factor of 10 for infrared (IR) analyses. GC/IR analyses were performed on a Hewlett Packard Model 5890 Series II GC interfaced to a Hewlett Packard Model 5965B infrared detector (IRD). Spectra were generated at 8 cm À1 resolution with a useful range of 4000 to 700 cm À1 . Injections of 2 l of the extracts were introduced onto a Restek Rtx-5 column (30 m, 0.32 mm i.d., 0.5 m film thickness) with a heated on-column injector (2808C). The GC temperature program consisted of an initial temperature of 358C, held for 4 min, followed by an increase at a rate of 98C min À1 to 2808C, which was held for 30 min. The transfer lines and light pipe were held at 2908C. This instrument also had (in-line after the IRD) a Hewlett Packard Model 5971 mass-selective detector (MSD), which enabled the cross-correlation of MS and IR peaks. Hydrolysis runs described in the Results and Discussion section were analyzed using the GC/IRD/MSD instrument.
Hydrolysis Studies
Hydrolysis studies of`trimers' were carried out using a synthetically prepared mixture obtained by reacting acrylonitrile with styrene, according to a published polymerization procedure (Kirchner and Schlapkohl, 1976) . This synthetic mixture allowed higher concentrations and higher quantities of`trimer' to be studied, that would not have been possible with the water extracts. An established protocol was used for measuring first-and second-order hydrolysis rate constants (Ellington et al., 1988) . Briefly, the acrylonitrile±styrene polymerization process by-product stream mixture was dissolved 1:10 in ethyl acetate. Then, 10 l of this diluted mixture was placed in a 15-ml Teflon lined screw-cap reaction tube, and the ethyl acetate was evaporated with a gentle stream of 5.0 grade nitrogen. For the acid hydrolysis study, 10 ml of 0.01 M HCl was then added to the tube. Approximately ten tubes were prepared in this fashion. The tubes were sealed by screwing the tops on tightly, and the tubes were placed in an 858C oil bath. Approximately 6 h later, one tube was removed and the organics extracted as described below. At 24 h, a second tube was removed, another at 48 h, and so on. The same process was followed for the alkaline hydrolysis study except that the tubes were prepared with 10 ml of 0.01 M NaOH. Finally, a neutral hydrolysis study was conducted in the same manner with tubes containing 10 ml of deionized water with unadjusted pH of about 7.
Upon removal from the bath, the pH of each tube was adjusted to 12 with NaOH and extracted three times with 5 ml of methylene chloride. The combined extracts were concentrated to approximately 0.1 ml with a gentle stream of 5.0 grade nitrogen. Then, 10 l of a 1.2 g l À1 solution of 2,6-dimethylnaphthalene (DMN) in ethyl acetate was added as an internal standard. The aqueous layer remaining in the tube was subsequently adjusted to pH 2 with HCl and was extracted and concentrated in the same fashion. The pH 12 and pH 2 extracts for alkaline, neutral, and acid hydrolysis studies were then analyzed on the GC/IRD/ Figure 2 . EI mass spectrum of one of the unknown well water contaminants.
MSD system. Hydrolysis of mixture components was quantified by measuring the ratios of the peak heights (from the GC/MS total ion chromatogram) of the components of interest to that of DMN.
Results and discussion
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In the spring of 1996, the NJDEP obtained information on the unknown contaminants in the well water using GC with nitrogen/phosphorus (N/P) detection, GC/EI-MS, and GC/ CI-MS analyses. GC with N/P detection revealed that these unknown contaminants, as well as others, had either nitrogen or phosphorus in their structures. GC/CI-MS indicated that these unknown contaminants had a molecular weight of 210, but there was no match obtained from the mass spectral library databases (NIST or Wiley) for the EI mass spectra obtained. In the fall of 1996, the NJDEP widened their efforts to identify these unknown compounds. Spectra were sent to Union Carbide, and extracts from Well #26 were sent to the U.S. EPA's National Exposure Research Laboratory Divisions in Las Vegas, NV, and Athens, GA. In November 1996, researchers independently discovered and confirmed the identity of the major contaminants using three different techniques. Figure 2 shows an example of one of the EI mass spectra obtained in 1996 for these unknown compounds. This spectrum was shown to match earlier spectra acquired in 1990 and 1987. These EI mass spectra showed a low-intensity candidate for the molecular ion at m/z 210, which was confirmed by CI-MS at several laboratories. Figure 3 shows the CI spectra obtained using isobutane gas (a) and methane gas (b). In addition to identifying the major contaminants (discussion will follow), other chromatographic peaks were tentatively identified. Figure 3 . CI mass spectra of unknown well water contaminant acquired with (a) isobutane or (b) methane gas.
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The interpretation of mass spectra was critical for discovering the identity of these unknown contaminants. The general lack of intense low mass fragments in the EI spectrum, and ions at m/z 39, 51, 63, 77 strongly indicated aromaticity. Based on a molecular weight assignment of 210, one could calculate all the plausible empirical formulas that would be likely, assuming C 10±100 , H 1±100 , N 0±2 , O 0±2 , and`rings+double bonds'=4 to 14. Formulas containing one nitrogen were omitted, because of the nitrogen rule. Thè rings+double bonds' minimum of four was used because of the strong indications of an aromatic ring. The only candidates were: An important step in interpretation was to account for the EI base peak (m/z 129), almost surely C 10 H 9 , in the form of two fused six-membered rings, one being aromatic. The non-aromatic ring contained (before this fragmentation) either one substituent and a double bond, or two substituents. This basic molecular sub-structure would be consistent with the EI spectra and would account for all peaks below m/z 130. The next step was to examine the first significant loss from the parent ion (MH + ) in the CI data at m/z 184Ða loss of 27 amu from the parent. This was a strong indication of an HCN loss, typical of nitriles, and possible, but significantly less likely, for`poly-olefins' (loss of C 2 H 3 ). The next significant peak to examine was m/z 156 (in the EI and CI spectra). This represented a loss of 54 amu from the molecular ion, and showed a loss of 27 amu down to the base peak at m/z 129. This very strongly indicated that m/z 156 had one of the two structures:
Finally, we had to account for the loss of 54 amu from the molecular ion to give m/z 156. The three most likely candidates for this loss were CH(CN)±CH 3 , the diene CH 2 =CH±CH=CH 2 , or (C=O)±CN. Given that the nitrogen rule forbids the presence of only one nitrogen in this compound, if the loss of 27 amu from the parent indicated a nitrogen, there must be two present. This increased the likelihood of a dinitrile. There were essentially no low mass ion fragments indicating oxygen or carbonyls. There was no indication (fragments) of nitrogens in pyrimidine or pyrazine rings. Thus, we were left with the two proposed structures:
The positional isomers shown are for illustration only; the substituents could be in different positions. However, if the olefinic hydrocarbon structure was correct, the facile losses in CI indicated two substituents, not a third ring. Based on the intense MH + (at m/z 211) in the isobutane CI spectrum, and its lower intensity (along with a chargeexchanged M + ) in the methane CI, it is very unlikely that the unknown molecule is a hydrocarbon. This leaves the dinitrile structure as the most likely.
This interpretation of EI and CI spectra led to two literature references supporting this structure assignment. Kirchner and Schlapkohl (1976) described an industrial process for the production of polymers. This process is shown in Figure 4 , and was a common process used by several polymer manufacturers during this time. In addition to the formation of the desired polymer, undesired byproducts were also reported to be formed, including isomers whose mass spectra matched that of the unknown chemicals in the Reich Farm area well water. Because the formation of the initial product ( Figure 4a ) involved a Diels±Alder addition of two monomers (styrene and acrylonitrile), this compound is referred to in the literature (Kirchner and Schlapkohl, 1976) as the`dimer.' Likewise, because the subsequent formation of the undesired by-products ( Figure  4b and c) involves the reaction of the dimer with an additional monomer of acrylonitrile, they are referred to as trimers.' By-products of this process were indicated to have a molecular weight of 210, and the mass spectral peaks were tabulated. Figure 5 is a plot made from this EI reference data.
Note the extremely close match to peaks found in our unknown EI spectrum (Figure 2 ). Earlier data collected also showed at least three poorly resolved GC peaks, all giving similar spectra. According to the 1976 reference article, multiple isomers were observed, resulting from the isomerization of the cyclohexane ring to give diastereomers. Thus, the cited literature confirms both our EI spectrum of the unknown and the GC/MS result showing multiple components with very similar spectra. In a later publication, researchers at Dow also reported molecular weight 210 products from the copolymerization of styrene and acrylonitrile (Stark et al., 1992) .
Additional GC/MS work was done on an extract from Well #26 by NJDEP. After further concentrating the sample ten times (for a total of a 10,000-fold concentration), the styrene±acrylonitrile`dimer' [Figure 4, Compound (a) ] was identified at very low concentration. Its EI mass spectrum matched that of the dimer previously reported in the literature (Hoff et al., 1982) . Then, using an aliquot of this 10,000-fold extract, Union Carbide used a 60-m GC column to provide higher resolving power, which showed that there were actually six isomers of`trimer' (molecular weight 210) present in the Well #26 sample.
By using the 60-m GC column, improved GC/MS information was obtained on isomer distributions in these materials. Figure 6 shows expanded views of the Well #26 GC/MS chromatograms from the NJDH lab and Union Carbide work. The top trace (a) of Figure 6 shows the reconstructed ion chromatogram of peaks that have a m/z 129 ion in their mass spectra (which focuses on the`trimers' and similar compounds); the bottom trace (b) is the total ion current chromatogram for the range m/z 29±510. The 60-m column and slower oven program temperature improved the isomer separation. 
Confirmation of Trimers and Identification of Hydrolysis Products
In addition to Union Carbide, the NJDEP provided the Well #26 sample to a number of U.S. EPA research laboratories for assistance in identifying the 210 molecular weight compoundsÐincluding laboratories at Cincinnati, OH, and Las Vegas, NV. Using various GC/MS techniques, these two laboratories determined (independent of Union Carbide's work) critical pieces of information also leading towards location of the Kirchner and Schlapkohl (1976) and Stark et al. (1992) references. The work of the EPA research laboratory in Las Vegas, NV, has been (Grange and Sovocool, 1997) published elsewhere.
Due to its expertise in applying multiple spectroscopic techniques to the identification of non-target compounds in environmental samplesÐparticularly drinking water samplesÐthe EPA research laboratory in Athens, GA, was also contacted for assistance. Athens lab researchers' approach to non-target identifications has been to combine GC/ infrared (GC/IR) spectroscopic analysis with high resolution (HR) GC/EI-MS and GC/CI-MS, along with the more commonly used low resolution (LR) GC/EI-MS. We have demonstrated that this approach, which includes interactive manual interpretation of IR and MS data, is particularly powerful for environmental contaminant identification Richardson et al., 1994 Richardson et al., , 1996 .
Researchers at the Athens EPA laboratory received and analyzed the Well #26 sample 1 day prior to the discovery of the Kirchner and Schlapkohl (1976) and Stark et al. (1992) references. Because of the ongoing work at other laboratories, Athens lab researchers' initial efforts focused on high resolution GC/EI-MS and GC/IR analysis. Although the 
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identity of the molecular weight (MW) 210 isomers had been determined independently through location of literature references prior to full analysis of our data, the utility of a multiple spectroscopic approach for identifying compounds such as this is noteworthy. For example, as described previously, there are seven`likely' empirical formulas and over 20 possible empirical formulas for a nominal mass assignment of 210 Da from low resolution EI-MS. However, the HR-EI-MS spectrum revealed that the exact mass of the molecular ion was 210.116, which limited the structural possibilities to a single empirical formula of C 14 H 14 N 2 . HR-EI-MS also allowed the determination of the exact masses of all fragment ions, as well. Figure 7 shows the EI mass spectrum with empirical formula assignments as determined by HR-EI-MS. This information provided, e.g., direct and unequivocal evidence that the loss of 27 amu (m/z 1563m/z 129) was due do the neutral loss of HCN. Based solely on LR-EI-MS, several compounds with very different functionalities could have been proposed for the MW 210 isomers. As described above, the loss of 27 amu, although less likely, could have been interpreted in the LR-EI-MS as arising from the presence of poly-olefins, as opposed to the presence of nitrogen-containing groups. Also, the loss of 54 amu could have been attributed to the loss of CH(CN)±CH 3 , CH 2 =CH±CH=CH 2 , or (C=O)±CN. As is often the case with EI-MS data alone, some of these possibilities could be ranked as more likely than others; however, unequivocal determination of functionality was not possible. In fact, even with HR-MS, CI-MS, and LR-EI-MS, it is doubtful that the structural functionality of this compound could have been unequivocally determined if not for the location of the Kirchner and Schlapkohl (1976) and Stark et al. (1992) references. Attempts to determine structural functionality with MS data were particularly difficult for this compound due to the relatively sparse and structurally non-specific ions in the spectra. For example, the presence of aromaticity and the nitrile functionality was suspected, but not known with certainty. In situations such as this, adding GC/IR to the identification scheme can be of great benefit because most functional groups yield distinctive and unambiguous absorbance peaks.
The gas-phase IR spectrum of the principal MW 210 isomer is shown in Figure 8 . The presence of the nitrile functionality is undeniable, as evidenced by the CN Figure 7 . EI mass spectrum of MW 210 contaminant, with empirical formula labels as determined by high resolution EI-MS.
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Identification of drinking water contaminants in the course of a childhood cancer investigation in Toms River, New Jersey stretching peak at 2243 cm À1 . The presence of both aromatic and aliphatic carbons is undeniable, as evidenced by the CH stretching peaks just above and just below 3000 cm À1 , respectively. An often underrated aspect of IR spectral interpretation is the ability to determine not only what functionalities are present, but also what functionalities are not present. For example, from Figure 8 , we can rule out the presence of (C=O)±CN. In fact, it is safe to say that the compound giving rise to the spectrum in Figure 8 contains only nitrile and hydrocarbon functionalities.
Finally, the structures of the trimers were ultimately confirmed through the analysis of authentic standards, purified from an actual acrylonitrile±styrene polymerization process by-product stream (from a production process similar to the Union Carbide process). Using these standards, the trimers were then quantified. Analyses of samples of the untreated groundwater collected from Parkway municipal Well #26 during 1997 showed concentrations of trimer isomers between 4 and 12 ppb. Analysis of groundwater samples collected during 1997 from monitoring wells within the Reich Farm plume showed concentrations of trimer in groundwater ranging between 1 to 20 ppb. For comparison, the data taken between 1990 and 1994 reveal concentrations of trimer isomers of 6 ppb at Parkway Well #26 and 1 to 600 ppb within the groundwater plume. A single groundwater detection of 594 ppb of trimer on the Reich Farm site, directly adjacent to the drum dumping area, stands out as an anomaly to the more typical groundwater trimer concentrations of 1 to 100 ppb within the plume, which stretches approximately 1 mile between the Reich Farm site and the Parkway well field.
Upon further analysis of the GC/MS data, other chromatographic peaks were observed that had mass spectra strikingly similar to the trimers (Figure 9 ). These mass spectra had two ions in common (m/z 129 and 156) with the 
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trimers, but they appeared to be of higher molecular weight (m/z 228). The apparent molecular weight of 228 was confirmed by CI-MS, and HR-EI-MS revealed an accurate mass of 228.126, corresponding to an empirical formula of C 14 H 16 N 2 O. Other ions in the mass spectrum, m/z 129 and 156, which corresponded to empirical formulas of C 10 H 9 and C 11 H 10 N, respectively, were indicative of the base tetralin ring system with a nitrile group attached. From this information, it was suspected that the structure contained an amide (CONH 2 ) functionality, which suggested partial hydrolysis of the trimer (hydrolysis of one of the two nitrile groups) to form this nitrile±amide±tetralin compound. However, again, it was not possible to definitively determine the amide functional group with the mass spectral data.
The gas-phase IR spectrum of the MW 228 compound, which contains definitive evidence of the amide functionality is shown in Figure 10 . The C=O stretching peak (also known as the Amide I peak) occurs at 1722 cm À1 . The NH 2 scissoring peak (also known as the Amide II peak) occurs at 1589 cm À1 , and the antisymmetric and symmetric NH 2 stretching peaks occur at 3538 and 3424 cm À1 , respectively. The pattern for aromatic and aliphatic CH stretching peaks (just above and just below 3000 cm À1 , respectively) is very similar to that of the trimer.
Having now identified one hydrolysis product of the trimer, the question of transformation and fate of the chemicals that were originally disposed of at the Reich Farm site comes to the fore. Although environmental regulation typically focuses on listed chemicals, or selected chemicals of concern that are introduced into the environment, it is often the case that people are actually exposed to higher levels of unlisted chemicals or to chemicals that are transformation products of those initially introduced. Transformation products may be either more or less hazardous than the original compounds. Therefore, for drinking water, assessment of risk must be based on the chemicals actually present in the water consumedÐnot merely on the chemicals that were originally disposed of.
To gain insight into the transformation and fate of the chemicals originally dumped at the Reich Farm site, preliminary laboratory-based hydrolysis experiments were Figure 9 . EI mass spectrum of MW 228 contaminant (hydrolysis product), with empirical formula labels as determined by high resolution EI-MS.
conducted on the acrylonitrile±styrene polymerization process by-product stream (ACP mixture). Hydrolysis is a process in which a contaminant, RX, reacts with water, breaking a carbon±X bond and forming a new carbon± oxygen bond (Schwarzenbach et al., 1993 
observed rate constant, while at low pH, the term k H [H + ] will likely dominate. At neutral pH, k W often makes a significant contribution. Of course, this also depends on the relative magnitudes of k OH versus k H versus k W , which differ widely for compounds depending on the type of labile functionality and the steric and electronic nature of the remainder of the molecule. Hydrolysis studies have been performed on a number of nitriles. Although acid-and, particularly, base-catalyzed mechanisms are the dominant pathways, a recent report on para-substituted benzonitriles showed that, between pH 5 and 7, neutral hydrolysis was important (Masunaga et al., 1995) . The progress of hydrolysis of nitriles typically proceeds in the following two steps: RÀCN3RÀC ONH 2 3RÀC OOH:
To fully investigate the hydrolytic behavior of the ACP mixture, runs were performed under alkaline (approximate pH=12), neutral (approximate pH=7), and acid (approximate pH=2) conditions. Because each step in the hydrolytic Figure 11 . IR functional group chromatograms (FGCs) for the nitrile, amide, and carboxylic acid functional groups over the course of alkaline hydrolysis at (a) 0 h, (b) 24 h, (c) 98 h and (d) 575 h.
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Identification of drinking water contaminants in the course of a childhood cancer investigation in Toms River, New Jersey process results in the decay of one type of functionality and formation of a different functionality, GC/IR analysis is an excellent way to monitor and visualize the progress of the reactions. The software for GC/IR data analysis allows one to construct, post-run, a chromatogram that is specific for one type of functionality (a functional group chromatogram, FGC). In Figure 11a , three FGCs are plotted for time=0 h in the alkaline hydrolysis run. The top two FGCs were constructed from an injection of the pH 12 extract, and the bottom trace was constructed from an injection of the pH 2 extract. From top to bottom, the three traces in Figure 11a are specific for the CN, CONH 2 , and COOH functionalities. As can clearly be seen in Figure 11a , at time=0 (which would represent the time that material was actually disposed of at the Reich Farm), a host of CN containing compounds is observed, but no amides or acids are present. In addition to the trimers, which elute at about 24 min, dimers are also observed. It is interesting to note that the Well #26 sample contained much higher levels of trimers (approximately two orders of magnitude) as compared to dimers. The material that was disposed of in 1971 likely contained both dimer and trimer, but the Well #26 sample had significantly reduced levels of dimer. This observation could be attributed to several possible causes, but one possibility is more rapid hydrolysis of the dimer. Thus, we compared the hydrolytic behavior of the dimer to that of the trimer.
The same three FGCs are plotted in Figure 11b for the 24-h time point. Note that the dimer and trimer have both degraded significantly by this time. Also, peaks have appeared for the dimer-and the trimer-amide hydrolysis products. The trimer-amide hydrolysis products at about 26.5 min are the same as those found in the Well #26 sample, with one of the two CN groups hydrolyzed. Also Figure 11 (continued).
Identification of drinking water contaminants in the course of a childhood cancer investigation in Toms River, New Jersey Richardson et al. note that the dimer-acid degradation product has already appeared by this time. There is no indication of the trimeracid degradation product. By 98 h, the dimer and trimer have essentially disappeared (see Figure 11c) . The dimer-amide has also greatly diminished, and the dimer-acid concentration has greatly increased. While the trimer-amide concentration has diminished somewhat, it is significantly more persistent than the dimer-amide. Surprisingly, there is still no indication of a trimer-acid product.
The reaction was allowed to proceed until 575 h, at which time it was believed that the reactions would have gone to completion (Figure 11d ). All dimers and trimers have disappeared. All dimer-amides have disappeared, and the dimer-acid peak has greatly increased. (Note that the FGC for acids [bottom trace of Figure 11d ] has been attenuated by 1.5 to keep it on scale.) The trimer-amide concentration has fallen, but again there is no indication of trimer-acid.
Although quite informative, the traces in Figure 11 also raise some interesting, unanswered questions. First, it is troubling that no trimer-acid was detected. We can be certain that the trimer-acid is not present in any of the runs, because interpreted together, the MS and the IR spectra would be definitive for this compound. The absence of trimer-acid may result from the fact that the trimer has more possible routes of transformation than the dimer. Recall that the trimer has two CN groups, which complicates the chemistry. Reaction options other than nitrile-to-amide-toacid at a single site are available. However, we searched all peaks in the FGCs from the hydrolysis runs and located no other chemicals with CH stretching patterns in the IR spectra that were similar to the trimers.
Another unanswered question is raised when comparing Figure 11c with 11d. Note that between 98 and 575 h, the concentration of the dimer-acid increased by about a factor of 2 (recall that the bottom trace of Figure 11d is attenuated by 1.5). However the dimer amide was almost completely gone by 98 h. This suggests that the trimer-amide may be undergoing a transformation process that results in production of dimer-acid, rather than trimer-acid. However, we have no evidence other than the lack of a trimer-acid and the large concentration of the dimer-acid to support this hypothesis.
By ratioing the chromatographic peak heights of the dimers (and the trimers) to that of the internal standard, it is possible to follow quantitatively their transformation over time. If a straight line is observed when plotting log percent remaining versus time, the reaction is first-order, and because the pH was 12, this loss likely can be attributed to base-catalyzed hydrolysis. A straight line was observed for the loss of trimer, allowing the estimation of k obs to be 0.046 h À1 at 858C and pH 12. However, for the dimer, an asymptotic curve was observed, indicating that the loss of dimer was not entirely due to first-order hydrolysis. Some of the loss, however, were clearly hydrolytic, because dimeramide and dimer-acid were observed. Because the first section of the dimer plot (from 0 to 98 h) was fairly linear, we could estimate a k obs for that time period, calculated to be 0.016 h À1 at 858C and pH 12. With these values in hand, it is possible to estimate a half-life for the compounds at neutral pH by extrapolating these rate constants back to a pH of 7 (assuming all hydrolytic activities are base-catalyzed) and to 258C (assuming an activation energy of 20 kcal mol À1 ). Doing so yielded ambient environmental half-lives of 132,000 years and 50,000 years for the dimer and trimer, respectively. Because the Cohansey Aquifer typically has a pH close to 5, the half-lives of the dimer and trimer in this environment would be expected to be even longer.
Overall, there was less hydrolytic activity observed in the acid and neutral hydrolysis runs. In fact, no degradation of trimer was observed in either. On the other hand, there was progressive loss of dimer in both. In fact, the dimer concentration in the neutral hydrolysis runs, when plotted as log percent remaining versus time, yielded an asymptotic curve quite similar to that observed for the pH 12 run. As before, a linear portion in the first section of this curve (0 to 137 h) allowed an estimation of k obs for that time period, resulting in a k obs of 0.0057 h À1 at 858C and pH 7. Using this value, and assuming an activation energy of 20 kcal mol À1 , the half-life of the dimer would be just 4 years at pH 7 and 258C. However, over the course of our neutral hydrolysis runs, only a small amount of dimer-amide and dimer-acid was producedÐcertainly not enough to quantitatively account for the loss of dimer. Thus, some other transformation path, in addition to hydrolysis, accounts for the rapid loss of dimer at neutral pH. This is consistent with the observations of Masunaga et al. (1995) , who found that in the hydrolysis of para-substituted benzonitriles (at pH 5 to 7), the sum of the concentration of amide and acid formed was less than the decrease of nitrile. Virtually identical behavior (with about the same rate constant) was exhibited by the dimer in the acid hydrolysis runs. Thus, we conclude that the rapid loss of dimer is independent of pH.
Therefore, from our neutral and acid hydrolysis runs, the question of why no significant levels of dimer or dimeramide are observed in the Well #26 sample is answered. Although dimer is somewhat labile to base-catalyzed hydrolysis, some other, more rapid transformation process that is not pH-dependent dominates. The next question becomesÐWhy is trimer-amide observed? The hydrolysis rate for the trimer is so slow that it cannot explain any substantial loss of trimer (or appearance of trimer-amide) over a 25-to 30-year period under ambient environmental temperature and pH. Although we have yet to find a definitive answer to this question, a possible explanation can be proposed. Specifically, we must recognize that our kinetic description for the hydrolytic process presented above is for the case of distilled water (which is the media in which our laboratory experiments were conducted). However, in the environment, Equation 2 must be modified by adding an additional term to produce the following:
where [HA] i and [A À ] i are the concentrations of the i th pair of general acids and bases that are present in the natural water, and k HA i and k A Ài are the associated second-order rate constants. In other words, the presence of naturally occurring organic and inorganic ionic species (such as humic and fulvic acids, bicarbonate, phosphate, etc.) can enhance the hydrolysis reaction rates relative to what is observed in the laboratory. Furthermore, entirely different types of degradation processes that do not occur in the distilled laboratory water can occur in the environment. For example, it is well-known that common microorganisms catalyze chemical hydrolysis reactions. Microorganisms that possess hydrolases are known to rapidly transform many hydrolytically labile chemicals, often yielding the same products as observed in sterile chemical hydrolysis experiments (Kieslich, 1976) . Thus, the microbial transformation of nitriles may follow the same conversion pathway from nitrile to amide to acid. The presence of additional species (both chemical and microbial) in the natural water (which are not present in the distilled laboratory water) is likely the reason that trimer-amide is observed in the Well #26 sample.
Further Developments
As a result of the trimer identification in Parkway Well #26, and the unknown health properties of this compound, United Water Toms River Company voluntarily took the Parkway well field off-line on November 15, 1996. Wells #26 and #28 collect groundwater from the Reich Farm site, and this water had been treated since 1988 with air stripping to remove the volatile contaminants and to meet New Jersey State drinking water standards. The remaining four Parkway Cohansey wells are protected only when Wells #26 and #28 are operating; therefore, the entire well field, representing approximately 1/3 of the entire UWTR supply was shut down. The well field remained off until May 15, 1997, when Wells #26 and #28 were restarted; this time with the addition of activated carbon following the air stripper. The ability to positively identify and quantify the trimer isomers as discussed in this paper allowed Union Carbide and its consultants, Malcolm Pirnie and Lancaster Laboratories, to perform lab-and pilot-scale treatability testing of candidate technologies for removing the trimer from the groundwater. Activated carbon and semi-permeable membrane technologies were evaluated. In both batch and column studies, activated carbon effectively removed trimer isomers below detection limits of 12 parts-per-trillion (ppt).
Malcolm Pirnie designed and installed a full-scale activated carbon system to treat 1200 gal min À1 of groundwater from Parkway Wells #26 and #28 in a short 3-month time frame. This involved close coordination and cooperation between Union Carbide, the U.S. EPA, United Water Toms River Company, the NJDEP and NJDHSS, and local Dover Township officials. The treatment system consists of four pressure vessel adsorbers, each containing 20,000 lb of activated carbon. The system was installed in a parallel flow configuration following the air stripper that had been installed in 1988. Wells #26 and #28 were restarted on May 15th and ran for 2 weeks prior to restart of the remaining municipal wells at the Parkway well field. The remaining Parkway wells were restarted in early June 1997, as demand on United Water Toms River's system soared from a winter low of approximately 13 million gallons per day (mgd) to over 22 mgd during peak summer use.
Since the restart of Wells #26 and #28, the treated discharge has been sampled and analyzed at least biweekly for trimer isomers, along with other volatile and semivolatile chemical constituents. Lancaster Labs, which has been performing these analyses, has maintained a minimum detection limit for trimer compounds ranging between 12 and 20 ppt using EPA Method 525.2 (U.S. EPA, 1995). Between May 15, 1997 and January 1998, the untreated groundwater entering Well #26 has averaged 3 to 4 ppb for trimer isomers, while municipal Well #28 typically contains less than 1 ppb of trimer isomers. Each well produces approximately 500 to 600 gal min À1 . The combined treated groundwater from these wells has consistently tested`nondetect' for trimer isomers during this time.
In response to the local community's concerns, the activated carbon-treated water is discharged to wooded land owned by Dover Township for infiltration back into the aquifer. Only during brief periods of unusually high summer demands was this water reintroduced to the municipal supply. The performance of the full-scale activated carbon system will continue to be monitored on a regular basis, and the use of the treated water reevaluated by the regulatory agencies as new information becomes available.
To better understand if the trimers have the potential to cause adverse health effects, a toxicology testing program has been initiated by Union Carbide. The first work will include short-term in vitro and in vivo genotoxicity studies, an acute oral toxicity study in the rat, and a 14-day repeated oral dose toxicity study in the rat. The results of these studies will help define the need for additional testing to evaluate specific systemic effects resulting from longer duration exposure.
Currently, the role or contribution of the United Water Toms River water supply in the cancer cases reported in Toms River is not known. The water supply is, however, included among the many hypotheses being investigated. Because the 1995 epidemiological study conducted by NJDHSS was conducted before the water was suspected as a contributor to the cancers, a more detailed epidemiological study is being conducted jointly by the Agency for Toxic Substances and Disease Registry (ATSDR) and NJDHSS. Results of this study are expected in 1999. The identification and quantification of the compounds discussed in this paper provide a much clearer picture of what chemicals people drinking this water were exposed to. In addition, a more detailed analysis of other (less concentrated) nontarget unknown chemicals present in the water is underway.
Conclusions
Apparent from this work is the usefulness of nonconventional spectroscopic techniques, such as high resolution MS, chemical ionization MS, and GC/IR, for identifying unknown chemicals whose spectra are not available in a library database. With the limited nature of EPA regulatory lists (such as the approximately 80 chemicals on the Safe Drinking Water List), it is evident that many pollutants cannot be identified using a standard EPA regulatory method. In cases where there is an important health or ecological issue, it is crucial to look for`what is there' and not simply to target a few regulatory chemicals that may or may not be there. The chemical pollutants identified in this study would have never been identified, had these unknown peaks not been further investigated.
